m 11ajui Ul PuUuOStT Ul LI 1CuULiF
J M

cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to business, ind'<try, the
academic community, an. iederal,
state and local governments.
Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1



nd - 2107 -4
LA-UR -83-144 (@7{ ™~

Los Alamops Nationa! Laboratory 18 opersied by the Unversity of Cahtorma for the United Stetes Department of Energy under contract W.7405-ENG-38

Tia=Ui==n3-144

Do nanna

nitLge:  CRYSTALLIZATION OF SILICON FILMS ON GLASS: A COMPARISON OF METHODS

E]

AUTHOR(S) Ross A. Lemons, Martin A. Bosch, and Dieter Herbst

eusmiTTED TOo Materlals Rescarch Society Conference, Boston, MA, November 1982

NOTICE
PORTIONS_OF THIS RFPORT_ARF TITEGTRLE. It
has boon roproduced fromt' ' it vnllnble
aory to pormit tho hraadn ot v bl NVl le
abilitv.

By acceptance of thia arlicie the pubhsher recognues thal the U 8 Government relains a nonenciusive royaily-iree keense 1o publsh of reproLuce
the publighed form ©f Ihis CONtMOULON Ot 10 Aliow Oihers 1o do 0, for U.B Government purposes

The Los Alsmos National Laberatory requests that the publisher identily this article as work performed under the auapioss of tha U 8 Depaniment of Energy

WSTR
LOS AlaMOS toehsmetaoraiees,

’ o QICUMLNL Yo BRI
raety oo — LI


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


CRYSTALLIZATION OF SILICON FILMS ON GLASS:
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ABSTRACT

The lure of flat panel displays has stimulated much re- [ ]
searrh on the crystallization of silicon films deposited ' ‘
on large—area transparent substrates. In most respects,
fused quartz is ideal. It has high purity, thermal shock
resistance, and a softening point above the silicon melting
temperature., Unfortunately, fused quartz has such a small
thermal expansion that the silicon film cracks as it cools,
This problem has been attacked by patterning with islands
or moats before and after crystallization, by capping, and
by using silicate glass substrates that match the thermal
expansina of silicon. The relative merits of these methods
are compared. Melting of the silicon film to achieve high
mohility has been accomplished by a varlety of methods in-
cluding lasers, electron beams, and strip heaters. For low
melting temperature plasses, surface heating with a laser
or eclectrop bheam 1s essential. Larger grains are obtained
with the hiph bias temperature, strip heater techniques. '
The low-angle arain houndaries chinc-acteristic of these T e
films mav "e caused by constitutional undercooling., A
model {s developed to predict the boundary sgpacing as a
function of scan rate and temperature gradient.

CISCLAIMER

INTRODUCT ION

two primary applications for crystallized silicon on amorphous substrates
are dlelectrically {solated devices and matrix displays. For dielectric Lso-
latfon, most of the work has been done on thermally oxidized silicon wafers.
This snwubatrate {8 fully compatible with integrated circuit processing and
celiminates thermal expansion problems. However, for the display application,
st l{con wafars are too small, too opnque, and too expensive. For a display
medium ¢ weh as a liquid crystal twist cel!, a large area, transparent, lInex-
pentsive aabuteate {n needed. Translsinrs fabrlcated on this subntrate could
provide threshold switehing for each display element and decoding, muelti-
plexioe, and lipo driver clrecultry.

Thin fiim transisiors have been studfed tor over 26 yearn, Varfoun uemi-
comductorn, aueh an ('.(t!i,' (I«H;n,;" amorpbous hydropenated MH('()!..';—() and poly-
crvatallipe .-:llh‘nn./"" wnve heen inuestipated,  For diaplay eloment .-:w!tchini:,
thee mabt b ity of thene materials (o adequate, but for periphoval cfreuftry, much
hinher mobiltey tn needed,  The neconmmary mobil ity ean he obtafned by melting o
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deposited silicon film to produce large crystal grains. With this material,
both switehing and control circuitry potentially could be Fabricated on a
single substrate.

The work on this problem has concentrated on transparent fused quartz gub~
strates. In most respects, fused quartz is ideal. It is available with high
purity and ip arbitrarily large areas. It can be heated to the silicon melting
point without deformation, and 1t {s resistant to thtermal rbhock. Unfor:u-
nately, the thermal expansion coefficient of fused quartz (a ~ 0.5 x 10~6/0¢)
is small corpared to that of silicon (a ™V 3.5 x 10'6/°C). As the silicon cools
from the melt, 1ts contraction relative to the fused quartz can produce severe
crazing of the film. This problem 1ig i{llustrated in Fig. 1. A 1.0-um—-thick
silicon film was chemically vapor deposited on a O.5-mm—thick fused quartz

plate, A 2-W argon ion laser beam focuseu to a \250-um-diam spot tas scanned -

across the film., This produced a pool of molten silicon (Fig. 1A} thet solidi-
fied at the trailing edge with single crystals up to 200 um x 20 un in size. A
network of cracks (Fig. 1B) typically appears a few seconds after the film
solidifies.

Recently, various radi: t energy sources have been substituted for the
laser. Ceis et al. demonstrated uriform melting with a resistively heated

-graphite strip in close proximity to the silicon f11m.10 similar results are

obtained by focusing radiation from a tungsten filament11s12 op an arc lamp1
on the film. This increases the working distance and reduces potential con—
tamination. To achieve a narrow melt zone across the full width of the sub-
strate, the sample must be heated to 1000-1300°C. In the graphite strip
heater case, this bias temperature 1s provided bv placing the sample directly
on a resfstivelg heated graphite plate. Other systems use a bank of incan-—
descent lamps.1 The distinguishing features of the zone wmelting techniques
are 1) high biis temperature, 2) slow scan speed (0.1-1.0 mm/s), and 3) much
vider melt parpendicular to the scan than along it.

To prevent the molten silicon from agglomerating, the film {8 encapsulated
with 510, (Fig. 2A). By making the encapsulation 1-2 um thick, tte
surface remains flat, and the resulting crystal texture is unfforn-.1 Films
crvstallized by this method typically have very large grains (10 mm x 1 am)
vith (100) crvstal planes parallel to the suhstrate. As shown in Fig. 2B, a
characteristic feature of 8ilicon films that have heen microzone pelted at
hirh has rerperature 18 a network of low-angle grain houndaries.]4 These

Fip, 1A, Potleet fon m]urnp.rnph of F‘P,. 18, Retlection mi(‘rnp,rnph (lfl
A 50 flm on funed quartz during the crack network that tormas shore~
Paver melt tou, showing large prafos Iy after cocitng.

traflting the hoph reflectivity

molten pool,
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Fig. 2A. Schematic showing tempo-~ Fig. 2B. Electron channeling mi-!-

rary crack suppression with an en- crograph of a strip heater melted|
capsulating film. S1 film on fused quartz. Cracks!
i form when the encapsulation is re-

moved.

boundaries separate crystallites with a 1-2° difference in the (100] di-
rection cut of the plane. A model to predict the spacing of these boundaries
is developed in the last section.

The uniformity of crystal orientation in these films substantially improves
electron mobility. Indeed, on fused quartz substrates where the film is urder
tensile stress, mobilities better than in bulk silicen have been measured.?
Unfortunately, this tensile stress also produces cracks (Fig, 2B). These

cracks are less dense than in laser melted films, but they still make circuit
fabrication impractical.

CRACK SUPPPESSION TECHNIQUES

An  encapsulating S10p filr >100 nm thick suppresses crack formation.
lowever, when the 5109 is completely removed, 8 network of cracks inevitably
forms durine suhsequent processing. Much better performance 1s ohtained by
onlv removing the $109 cap from the small 1slands where devices are to he
hutlt,  As c<hown in Fig. 3, this substantially reduces the number of cracks.
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Fio,. A, Sehomatfe ahowfop par- Fip, 0. MOS transistor Cabri-
tial  cap  removal to  neppresn cated fn a crack-free region.
crackn,



A large rfraction of the devices are POST-PATTERNED LNCAPSULATED [SLANDS
functional.l® This film was melted

/~— 05um POLYSILICON i
with a 30 x 1 cm eylindrically fo- L o [ LLM l
cused argo;mion laser beam in combi- , # DEPOSITION
nation with an 110C°C bias temperature. ,— LARGE GRAIN SILICON ;
This hybrid technique allows large-area 7 1 LASER i
zone melting with steeper temperature r_ ] CRYSTALUZNHON‘
gradients than a strip heater provides, |
thus giving better melt stability and Jg;q F—_—‘7£;;%7 MOAT |
more closely spaced low—angle grain [ ] ETCH ;
boundaries, as discussed in the last i
section, 17

An alternative method is to define E?j_’T—ﬁ—" ~——3~ OXIDE :
islands in the crystallized silicon L . REMOVAL
before removing the S10g cap. The
idea is that sufficiently small islands Fig. 4A. Schematic showing pat-"
can withstand the stress without crack- terning with moated islands after
ing. There are two variations to this crystallization,

approach, In the first, a photoresist
layer 1s patterned into islands and
then baked to protect the underlying
Si0s. The exposed 5102 1s removed with
a HF solution. The underlying Si and
the photoresist are then removed with
a KOH sclution. Finally, the Si0j over
the islands is removed. Unfortunately
cracks that form between the encapsu-
lated lslands often penetrate far
enough under the cap to nucleate cracks
withian the islands when the overlying
cap is reroved.

In a varilation of this technique,
moats are patterned in the photoresist
to define 1islands. Both the §5i0jp ' 3
and the S{ are sequentially removed Fig. 4B. Unsuccesgsful island in

from the moats before the S10p over which cracks propagate through the
the rest of the area 1is removed, fused quartz.

These steps are shown schemstically in )
Fig. 4A. The idea is that cracks are suppressed by the 8102 while the moats
are fabricated. The moats would then prevent cracks from propagating into the
fslands when the S109 is removed. As shown in Fig. 4B, surface cracks in the
fused gquartz often allow cracks to cross the moats into the islands.

A bettrr solution is to pattern the silicon film prior to crystallization,

as shown schematically in Fig. 5A. This technique was used by Kamins and ;

Planetta in their early work on silicon crystallization »nn fused quartz.ls_
The {dea fs to define islande small enough to withstand the stress. Isolated
{ilands, however, have two problems. The firat 1s mass transport. When gili-
con melts, the volume {8 reduced V12%, which causes the silicon island to pull
away “rom fts original boundary, ofter leaving voids along the edge. Con-
versely, when the silfcon usolidifies, {t expands “12% to form a sharp pinnacle

with the last waterial to freeze. The remedy for this problem i{s to pattern
the sitf{con fnto long, narrow strips, rather than islands. The molten zone (s
then passed along the leagth of the st ip. 1In this way, the contraction and
expansfon problems are relepated Lo the onds, and the center {s uniform and

flav (Ffp. 5B). The 2econd problem {8 edpe cooling. Tf the silicon is melted
with radiatfon that ta weakly absorhed {n the surrounding fused quartz, the
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Fig. 5A. Schematic showing pac- Fig. 5B. Micrograph of a crack-
ternlng into moated islands prior | free, pre-patterned strip showing
to crystallization. : nucleation due to edge cooling.

edges of the strips remain cooler than the center. This causes crystals of --
random orientation to nucleate along the edge (Fig. SB), resulting in reduced -
device performance. -

The edge cooling can be remedied by depositing additional absorbing films, -
such as polysilicon, either ahove or helow the isolated strips.l9 A simpler -
approach is to define the strips with a narrow moat.la'1 In this way, radi---
ation absorbed in the surrounding polysilicon suppresses edge cooling. One -
problem with the moat technique is that cracks can propagate through the sur—-
face of the fused quartz., The polysilicon surrounding the moats should also -
be patterned to reduce cracks.

Anothar solution to the edga cooling problem 1s to shape the laser beam to -
preferentially heat the edges.19 Various masking And interference techniques -
have bven used for this purpose. Another elegant approach is to melt the sili~
con with radiation that is absorbed more strongly in the tused quartz than in -
tte silicon. This {3 easily done with the A = 10,6 pm 1ine of a CO, lager and
naturally provides the desired temperature profi]e.2 With a hotter edge, a
crvstal nuclcus forming in the center can spread to make a single crystal-
island. -

Lonp, narrow atrips with internal moats and CO; laser heating have heen -om-—

"Mned very succesafully at the Xerox Research Center.?l Aa ghown gctematically

fn Fig. 5A, the centrn] moated region usually solidifies as a msingle crystal, -
rvpicalls o0 im x 25 ym. Whap the encapsulation is removed, the outer gilicon ®
may cra k hut the inner {slands are subatan:ially free of cracks. - '
TITFPMATL EXPANSION MATCHUED SUBSTRATFES ;”

[ J—

To varying depreer the patterning techniques (escribed above reduce the
cracking prohlem but do not eliminate 1t. The ohvious alternative 18 to select
A suhatrater whose thermal expansfon clomely matchea that of sflicon. In {t-
solf, thin In pot Jdifficult. A npumber of silleate plass compositions meet
thiz erirerton,  They have pood transparency and surface [infsh, and they are
subatanctallv cheapar than fugsed quartz. What they lack {8 the purity, thermnl
shock restatance, and bigh softening temperature of fused qunrtz.

Ve hitve tested throoe cypes of allteate plass: Corning 1721, an alumina-
slleate plage; Corntop 7099, o4 low aoda bharlum=barasl ifcate plann; and Corufuy
1750, 0 roraatlicare plass better known au Pyrmt.zz Theae three types wers
selected for hlch annealing pofot (71090, 61990 qoud 5609, reapect tvely), re-
sidtance to thermal shoek, and low alkall wetal contenc,



The annealing point is defined as the temperature at which the glass vis-
coscity is 4 x 1013 poise. Above this temperature, nonun:form stress can
easily distort the plate. Empirically, we found that if these glasses were
supported on a f1.: substrate they could Le heated to 620°C for up to 1 hour.
This is the temp:r cure used for silicon deposition by pyrolytic decomposition
of SiHy4.

The low softening temperature of the silicate glasses requires the silicon
to be melted by surface heating. This is easily done with a focused argon ion
laser beam. As shown in Fig. 6, the resulting crystal structure is comparable
to that obtained on fused quartz. The zone melting techniques can not be used
with silicate substrates because the high bias tempevature would melt the
glass,

The thermal expansion of these glasses is plotted in Fig. 7 as a function
of temperature for comparison with the expansion of silicon and fused quartz.
These glasses follow the thermal expansion of siticon up to 7600°C, but they
expand substa.tially more than silicon at higher temperatures. This applies a
tensile stress to the silicon during heating that is relieved when the siliccn
melts. As the silicon cools from the melt, it is under a compression that ef-
fectfvely suppresses cracking.

The key problem with the silicate glass substrate is that impurities in the
glass can diffuse into the silicon, ruining the electronic characteristics.
As shown in Fig. 8, alkali metals are a particular problem. This sample of
type 7740 glass was coated with 1,0 pm of SiO9 Lefore the _.0-ym Si layer was
deposited. The secondary ion mass spectroscopy depth profile ghows (hat sodium
from the glass diffused through the silicon before the deposition was complete.
The horon in the glass was effectively blocked by the SiOp layer even after '
laser melting. .

To isolate the glass lmpurities from the silicon, composite buffer layers
are required. Our best results were obtained on type 7059 glass using a
1.0-uym layer of 5i0j for adherence, a 200-nm layer of Si4N4 to block alkali
metal diffusion, and a second 1.0-um Si05 layer to provide a better electrical
interface for the 1.0-ym Si layer.

As yet, devices have not becn fabricated in these films. Novel processing
techniques must replace the high-temperature steps Iin conventional integrated
circuit processing. In particular, the gate oxide, which is usually grown at
1150°C, must now be grown ut 650°C or below., Two possibilities are plasma oxi-
dation nd high-pressure oxidation. The risk of contaminating existing silicon

processing facilities with impurities from the glass has also precluded device
fabrication,

LOW-ANGLE GRATIN BOUNDARY FORMATION

As mentioned in the introduction, a prominent feature of silicon films that
have been microzone melted at high bias temperature is a network of low-augle
graln boundaries. These boundaries have a characteristic wishbone ghape and
separate crystalliter with a 1-2°0 difference in orien-atlon. The origin of
these low-angle grain boundarics is an instability of the melt front, which
leads to faceting. The low-angle houndaries form where adjacent facets meet
at the traflling edge of the melt.

These facets have been studied hoth by rapid ¢ ieaching of the melt23 and
by direct microscopic observation of the melt fror <% as shown In Fig. 9C.
Both techniques show that the facets are most commonly bounded by (111) crystal
planes, which are the usual limiting planes for silicon crystal growth.

Melt front instabillity and facetiog are commonly produced in bulk crystal

M
provth by constitutfional undorcoollng.z)oJ’ In this section, we develop a
constltutional undercooling model for the melt front fnstability {n microzone

crystallization of thin sillcon fllms,
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To explore the effects of constitutional undercooling, consider the hypo-
thetical phase diagram (Fig. 9A). This phase diagram has a character similar
to the published silicon-oxygen binary system27 but has been simplified for
illustration. For very low impurity concentration, we assume that both the .
liguidus and solidus are straighrt lines and that the segregation coeffizient
iz k = 0,1, as shown in Fig. 9B. Thus, 1if the impurity concentration in the
solid is C, =1 x 10}8/cm3, the impurity concentration in the adjacent liquid .
is Cu/k =1 x 1019/¢m3. As the melt zone is scanned, impurity atoms are re-
jected from the solid, building up a concentration gradient in the 1liquid
ahead of the iInterface, as shown in Fig., 9D. In the simple diffusion mode1,28
this concentration gradient is given by the expression:

C(x) = co 1 +[S-l—%—'{)—exp (—%x)] (1)

where R is the scan rate and D is the diffusion ccefficient »f the impurity in
the liquid. When the concentration gradient is referred to the phase diagraw,
it implies that the freezing temperature of the liquid (Ty) also bas a spatial

dependence given by ’

- - (1 - k) _ R ) .
TL(x) = To mCo [1 +-———E———-exp ( D X (2)
where T, is5 the freezing temperacure of pure silicon and m is the slope of
the liquidus. This curve is plotted in Fig. 9E using convenient parameters.

In the simple theory of constitutional undercooling, a linear temperature
gradient of slope G imposed on the melt is assumed. If

mCR (1 - (3)

G 5 P

there is a region (Fig. Y9E) where the actual temperature is below the equi- -
librium freezing temperature. This region is constitutionally undercooled.
Therefore, a perturbation of the interface that enters this region will tend
to grow,

Let us assume that the projection grows until it no longer has undercooled
liquid abead of it. The proiection length would be the distance from the
Average ipterface to the intercept of the temperature curve and the equi-
Tibrium freezing temperature curve, as marked with the dasbed lipe in Fig. ©E.

If the projection is constrained by (111} growth facets, it will have the
characteristic triangular shape. Thus, the spacing of adiacent Jow-angle
houndaries will he comparable to the 1length of the undercooled region
(Fipg., OF). This allows ur to cal 1late the dependence of grain houndary spac-
ing on bothb temperature gradient and scan speed. These relations are most

rasily expressed as a function of the length of the undercooled region, xg.
We obtaln

mC |
o (1 = k) R )
C =~ o 1 - - = 4
R >
o
which {5 plotted as x,(6) in Fipg. 10, and
R = =D/x + 1In []— [k/(] = k) * Gx_/mC ]J (3)
0 . (o] Y
whilch §s plotted as X, (R) In Fip. 11. These curves indicate that the under-
cooled region and the boundary separation will go to zero for a sufficlent]

high temperature pradifent or for a sufficiently slow scan speed.
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The senera. character of these 200

i T T T
curves corresponds with observation.

Increasing the temperature gradient D = 104 em?2/s
reduces the boundary separation. For

R=0.03cm/s
example, the boundaries in Fig. 2B that 150 Co =103 -
have a 50-~100-um spacing were produced m=100C

k=01

with a 1l-mm-wide graphite strip.
Whereas the 5-10-um spacing in Fig. 3B
were produced with a ~30-um-wide laser
beam that provides a much steeper
temperature gradient. As yet, we have
not been able tc obtain a sufficiently
steep gradient to eliminate the bounda-
ries.

It has also been observed that the

co-

GRAIN BOUNDARY SPACING (um}

i o

boundary spacing is reduced by lowering o L
the scan speed. Geis has reported a
Xg & r1/2 dependence,23 which does not
show the sharp knee of TFig. 11. Our Fig. 10. Predicted grain boundary

TEMPERATURE GRADIENT (C/cm)

L 1
0 50 100 150 200 250 300

measurements show a small increase in spacing as a function of the ther-

spacing with scan speed, in keeping mal gradient.

with the flat portion nf Fig, 11, but

we have not observed the abrupt de- 100 : * T

crease in spacing at slow speeds. 90 |- 4
This simple model does not take _ D = 104 cm?/s

into account lateral impurity segre- E 80p G = 100 C/em 7

gation. In a metal that does not é 70k Co =103 4

facet, lateral segregatiun causes an S m =100 C

increase in boundary separation as the 5 60F k=01 -

scan speed is reduced because there is Z 50l 4

more time for the impurity to dif- a

fuse.,28 However, in a material such g a0t .

as silicon where the facets are bounded 2 0k 4

by (111) planes, the separation of ad- 5

jacent projections is constrained. & 20 .

This should reduce the effect of later- 0k 4

al segregation. Nevertheless, lateral

segregation may make the change in 00— ——5 » T )

boundary spacing with scan speed less SCAN RATE (mm/s)

abrupt.

Fig. 11. Predicted grain boundary

In considering which {impurities spacing as a function of scan rate.

might cause ccnstitutional wundercoonl-
ing, oxygen and nitrogen are potential
candidates. These elements are commonly found in the substrate or capping
layer or in the atmosphere in which the melting is performed. Distinguishing
such impurities from the capping layer may be difficult because they may
segregate to the surface. In addition, only smali concentrations may be
needed. The examples used a concentration of C, = 1073, However, as seen in
Eqs. (4) and (5), the key factor is k/mCqs. If k were smaller or m were larger,
a nmuch smaller concentration would produce the same result.

CONCLUGTON

The crystallization of silicon films on fused quartz {s an attractive tech-
nolopy for contrnl circuitry on flat panel matrix displays, Thermal stress
cracking, however, remains a problem. Although patterning techniques have
substantinlly suppressed crackiop, the device yields needed for displays re-
quire turther improvement. :
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Silicate glass substrates exchange the thermal stress problem for contami-

nation and processing problems. The development of an expansion matched, pure,
high melting temperature substrate could make an important impact on this

field.
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